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We report on the fabrication of nanometer-scale mechanical devices incorporating multiwalled
carbon nanotubes~MWNTs! as the torsional spring elements. We have employed electron beam
lithography to pattern device elements directly onto individual MWNTs on a silicon dioxide
substrate. The structures were suspended by etching the substrate and subsequent critical-point
drying of the sample. We also briefly present characterization of the torsional properties of an
individual MWNT. The techniques described are applicable to other nanometer-scale rod-like





















































The mechanical and electronic properties of carb
nanotubes~CNTs!1 have been the subject of widespread
search, both to understand their basic properties and to
useful applications~e.g., nanoelectromechanical system!.
We have used multiwalled carbon nanotubes~MWNTs! as
the torsional elements of nanometer-scale mechanical de
structures. These are simple devices consisting of a
pended lever~the ‘‘paddle’’! connected by torsion beams
stationary leads. The geometry allows angular displacem
of the paddle via mechanical or electrostatic manipulatio2
This device geometry is particularly suited for future app
cation as an oscillator. While paddle oscillators based
silicon technology have been well-studied, we are not aw
of any applications of MWNTs in these types of devices
the nanometer scale. This letter outlines the fabrication
characterization of mechanical devices incorporat
MWNTs as spring elements.
We start with a bare substrate, a clean Si wafer with 5
nm oxide. Metal pads which define device areas are
terned by conventional photolithography and thermal eva
ration of 20 nm Cr and 100 nm Au. The sample is then
under ultraviolet radiation~UV cleaned! for two 8-min
cycles, rinsed with high-purity deionized water, and nitrog
dried in order to remove any surface debris prior to furth
processing.
Electron beam lithography~EBL! follows:3 To act as a
resist, a 4% solution of polymethylmethacrylate~PMMA! in
chlorobenzene is spun-on to the wafer, resulting in
;250-nm-thick PMMA layer. Alignment crosshairs are e
posed on each device area using a 30 kV accelerating vo
and a dosage of 1.4 nC/cm. The exposed areas are deve
with a 1:3 mixture of methylisobutylketone~MiBK ! and iso-
a!Electronic mail: papadaks@physics.unc.edu8050003-6951/2003/82(5)/805/3/$20.00





















propyl alcohol~IPA!. 120 nm of AuPd is sputtered onto th
sample and lifted off to form the alignment marks. The
marks are essential for the future alignment of device dra
ings to the MWNTs on the sample. Scanning electron mic
scope~SEM! images are taken of each device area to ve
placement and adhesion of the alignment marks.
The next step is to deposit MWNTs onto the surface. T
MWNTs were arc grown.4 Soot scraped directly from the
carbon cathode was suspended in dimethylformamide
dichloromethane by sonication. A pipette is used to depos
15 mL aliquot of suspension onto the substrate, followed
an ;50 mL aliquot of IPA. The sample is then blown dr
with nitrogen. This process results in a random dispersion
MWNTs on the device areas of the substrate. High-resolu
SEM images~0.5 kV at 10003 magnification! are taken of
each device area@Fig. 1~a!# in order to determine the precis
locations of MWNTs relative to the alignment marks.
some cases, multiple depositions were required to provide
adequate number of MWNTs in the device area.
These images are exported to computer-aided de
~CAD! software, where drawings of the paddle devices
made~superimposed over the MWNTs!, allowing individual
control of the various device parameters, such as pad
length and width, and the length of the exposed MWN
spring element. Large metal pads, ‘‘leads,’’ are defined to
down the ends of the MWNTs, and smaller strips are defin
to act as paddles.
Prior to the device lithography, the samples are U
cleaned and coated with PMMA, following the same proc
dure outlined above. The samples are loaded into the S
and EBL is performed once again, using the CAD files c
ated for each device area. The samples are then loaded i
thermal evaporator where 10 nm Cr followed by 80 nm A
are deposited. After liftoff, they are rinsed with IPA, nitroge© 2003 American Institute of Physics





















































































806 Appl. Phys. Lett., Vol. 82, No. 5, 3 February 2003 Williams et al.blow dried, and imaged with the SEM to verify success
placement and film adhesion of the paddle devices@Fig.
1~b!#.
To suspend the paddles, it is necessary to etch the un
lying oxide enough to undercut the paddles completely,
not to undercut the leads. An isotropic etch of the subst
chips ~typically 200–400 nm in depth! is performed using
buffered hydrofluoric acid~HF! to remove underlying oxide
The etch is stopped by transferring the sample to succes
baths of high-purity deionized water. The samples are t
transferred to an ethanol-filled critical-point-drying chamb
Critical point drying~CPD! is performed on each sample a
follows. The ethanol is cooled to;15 °C and then replace
with liquid CO2. The temperature of the CO2 is then raised
to ;45 °C, and the pressure is reduced isothermally to
mospheric. By this process the CO2 is taken around its criti-
cal point, so it makes a continuous density change from
uid to gas. This avoids surface tension problems associ
with evaporation, which can draw the paddles to the s
strate. Finally high-resolution SEM images were taken
verify the fabrication of the paddles@Figs. 1~c!–1~f!#.
There are several processing issues that are of partic
significance in the successful fabrication of MWNT m
chanical devices. Among these are EBL alignment, m
adhesion, internal stresses in the deposition of the AuCr t
film laminate, etching/critical-point drying, and stiction.
FIG. 1. ~a! Quadrant of the device area, with photolithographically pattern
leads, electron-beam lithographically patterned alignment marks~the two
crosshairs!, and MWNTs dispersed on the surface;~b! the same area with
devices patterned. The scale bars in~a! and ~b! correspond to 40mm. ~c!
Undercut metal leads have curved enough that the paddle has touche
substrate, resulting in a failed device. In this device, the right lead has
undercut more than the left, demonstrating the inconsistency of the etch~d!
a device where prestress in the metal film and imperfect adhesion
caused the leads to lift off of the substrate. The device has shifted slight
the upper right; the mesa created during the initial portion of the etch be
the metal lifted off is visible on the substrate;~ ! a device with one end of
the paddle stuck to the surface;~f! a successfully suspended paddle. No
that even though the metal is deposited on top of the MWNTs, the confo
nature of thermal evaporation makes the MWNT position obvious in th















The fabrication of MWNT mechanical devices deman
accuracy of about 100 nm in the EBL alignment. For th
reason, an EBL step was performed just for the purpose
patterning alignment marks; the smaller features and sha
edges allow better alignment than photolithographically p
terned marks. Nevertheless, only about 70% of the dev
are well aligned. Some regions of the device area show
ferent, seemingly random, alignment offsets from their
tended positions. We believe that during writing, drift in th
stage or of the electron beam itself is the cause, and that
an intrinsic limitation of our SEM.
The wet etching of the samples has the greatest effec
the device yield. We measure the etch rate before etching
sample, but still find that, in a single device area, some
vices are underetched while others are overetched. We
lieve that this results from fluid flow and turbulence durin
the wet etch. Underetching results in the paddle being s
ported by a small pillar at its center, which is difficult t
detect without manipulation of the paddle itself. Overetchi
often results in the paddle being stuck down on the subst
@Fig. 1~c!#. Contributing to this are internal stresses in t
Cr–Au bilayer that are locked in during the thermal evap
ration. When undercut, the bilayer bends towards the s
strate due to these stresses. If the leads are undercut to
even if they are not completely undercut, the edges b
towards the substrate, often carrying the MWNT and pad
with them @Fig. 1~c!#. If the sample is not kept clean befor
metal evaporation, poor adhesion can result and even s
etching can allow the internal stresses to cause the entire
to spring free of the surface@Fig. 1~d!#. While in this case the
center region where the MWNT and paddle are is lifted fr
of the surface by the bending of the leads, it is not desira
to have the entire device freed from the surface. In so
cases the entire device is washed away. The turbulence
affects the etch rate also has an effect on otherwise so
devices. In some cases the paddle is deflected during the
or CPD enough that one end touches the substrate. We fo
that the stiction between the paddle and the substrat
enough that the paddle cannot be freed, resulting in a fa
device@Fig. 1~e!#. A successful device is shown in Fig. 1~f!.
Successfully suspended paddles were deflected with
atomic force microscope~AFM! installed inside the SEM.
The AFM/SEM allows precise positioning of a cantilever o
the end of which a sharp tip is mounted. The AFM can
rectly measure the bending of the cantilever when the tip
pressed into the sample. This, in effect, allows direct m
surement of applied force and sample deflection. By press
down on the paddle at various positions along its length,
are able to measure the MWNT’s torsional stiffness. The d
are consistent with what would be expected for a line
elastic torsion beam. When the measurement is made
from the pivot point, the force required to deflect the pad
is small. As measurements are made closer to the pivot p
the force required grows, reaching a maximum at the pi
point ~Fig. 2!. Assuming the MWNT acts as a linear elast
torsion beam, we can calculate from simple statics the
pected stiffness of the device. This is shown as a dotted
in Fig. 2. From this fit, and from calibration of our AFM, w































807Appl. Phys. Lett., Vol. 82, No. 5, 3 February 2003 Williams et al.In order to compare this spring constant to the theor
cal prediction, we use the continuum mechanics model5 to
calculate the shear modulusG of the MWNT. The torsional
spring constant is equal top(r out
4 2r in
4 )G/(2l ), where r out
and r in are the outer and inner radii of the MWNT, respe
tively, andl is the suspended length. We use SEM image
estimatel andr out, and we neglectr in .
6 We estimate that the
FIG. 2. Stiffness data on a paddle device. It takes less force to deflec
paddle as the point of application of that force moves away from the p
point (X50). The inset shows a schematic of the measurement. The d
line shows the predicted behavior of a paddle oscillator with a linear ela
torsion beam.Downloaded 13 Mar 2003 to 152.2.116.121. Redistribution subject to Ai-
-
to
accuracy of our out measurement is about 20%, leading to
possible error in the calculatedG of about a factor of two.
Nevertheless,G calculated for this MWNT is;600 GPa, in
good agreement with the theoretically predicted value ofG
5541 GPa for a ten-wall 7.8-nm-diameter MWNT.7
In summary, we report a technique which allows fab
cation of torsional springs from carbon nanotubes, an
method for measuring the torsional stiffness of the na
tubes. These same techniques can also be applied to
nanometer-scale objects like semiconductor nanorods
polymer molecules.
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